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Evidence for dark matter

NGC 6503

e Al R PR T TR I T L B

Obseryved

- galaxy rotation curves
- bullet clusters ’ Expected
- gravitational lensing i




Searching for dark matter

- Dark matter (DM) is made of stable particle
- Weakly interacting with SM particles (WIMPs)

DM SM
- Mass around the weak scale
- DM is entirely due to a single particle
- ¥+ x = SM + SM is the only process important for
determination of relic abundance
DM SM

DM workshop, FNAL Sarah Alam Malik 3



Searching for dark matter

thermal freeze-out (early Univ.)

- Dark matter (DM) is made of stable particle indirect detection (now)
"
- Weakly interacting with SM particles (WIMPs)

DM SM
- Mass around the weak scale
- DM is entirely due to a single particle
- ¥+ x = SM + SM is the only process important for
determination of relic abundance
DM SM

All three approaches probing the same interaction

Indirect

Jim Buckley’s talk
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Searching for dark matter

thermal freeze-out (early Univ.)

- Dark matter (DM) is made of stable particle indirect detection (now)
"

- Weakly interacting with SM particles (WIMPs) .5 DM M
- Mass around the weak scale 3
- DM is entirely due to a single particle %
- x+ x = SM + SM is the only process important for :g
determination of relic abundance 2
o
DM SM
All three approaches probing the same interaction
Indirect Direct
| w | | I X
X q q q
Jim Buckley’s talk Jeter Hall’s talk
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Searching for dark matter

thermal freeze-out (early Univ.)

- Dark matter (DM) is made of stable particle indirect detection (now)
[ S

- Weakly interacting with SM particles (WIMPs) S DM M
- Mass around the weak scale S
- DM is entirely due to a single particle %
- ¥+ x = SM + SM is the only process important for :g
determination of relic abundance %
DM SM
_

All three approaches probing the same interaction | |
production at colliders

Indirect Direct Collider
X >« q X |
X q q I

Jim Buckley’s talk Jeter Hall’s talk

Q|
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Searching for dark matter

thermal freeze-out (early Univ.)

- Dark matter (DM) is made of stable particle indirect detection (now)
[ S

- Weakly interacting with SM particles (WIMPs) S DM M
- Mass around the weak scale S
- DM is entirely due to a single particle %
- x+ x = SM + SM is the only process important for :g
determination of relic abundance %
DM SM
—

All three approaches probing the same interaction | |
production at colliders

Indirect Direct Collider
| w | | I X
X q q g
Jim Buckley’s talk Jeter Hall’s talk
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T'he Large Hadron Colhder

proton-proton collider

luminosity




The Large Hadron Collider

CMS Experiment at LHC, CERN

Data recorded: Thu Apr 501:18:00 2012 CEST
Run/Event: 190389 / 107592030

Lumi section: 138

First 8 TeV collisions!
~ 27 pp interactions per bunch crossing
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The Tevatron

proton-antiproton collider
Tevatron atom smasher shuts after more than 25 years

Max. instantaneous 4.3 x 1032 cm—2s-!
luminosity (~30M collisions/s)

Integrated luminosity



LHC
- two general, multi-purpose detectors
- ATLAS and CMS5

- p =T
g p . i - s
i — e R ™




Tevatron

- two general, multi-purpose detectors
- CDF and DO

5000 tons * —




Searching for dark matter at colliders

particles beyond the SM that |
| decay to WIMP pairs and SM |
5 particles |

| LHC cannot produce WIMPs |

Slide adapted from Tim Tait talk at Moriond
S ————
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Missing Transverse Energy

At the heart of all DM searches at colliders : Missing transverse energy (MET)

- challenging quantity to measure
- sensitive to mis-measurements, detector effects, backgrounds

- but well controlled in both ATLAS and CMS

- higher luminosity---> multiﬁle interactions within the same bunch crossing --->
measurement of MET more challenging

CMS Preliminary

> ' -1 J I ' SR L > N 1 1 1 ] l 1] 1 ] 1] 1 I ] 1 1 1 I 1 ] 1 1 ] 1] [ 1 1 -
Q 161 pb™ Jet Triggered Data 8 0" }
~ - Before Cleaning > - \Vs=7TeV . I\DA?:tawzmo .
2 — After Cleanin = ] —uv
E B Simulation ’ § 10° E [ IMCW—w 3
Q [l C C_IMCZ—uu -
> B B MC tibar i
L 10°E — 3
: , B Mo w2 5
10
| 1E ‘ !!
2 L ] L _ s
0% " 500 1000 1500 2000 2500 3000 ., | i
0 50 100 150 200 250
PF E; [GeV] E™S [GeV]
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Searching for dark matter at colliders

particles beyond the SM that i

decay to WIMP pairs and SM
particles |

| LHC cannot produce WIMPs |

T ———

DM workshop, FNAL Sarah Alam Malik




DM candidates in new physics models

Supersymmetry Extra dimensions
- additional symmetry between -In UED, the dark matter candidate is a
fermions and bosons massive vector particle which is stable
- heavy super-partners for each - In Randall-Sundrum, the right-handed
SM particle neutrino is stable
- lightest SUSY particle (LSP) is - Both theories produce WIMPs thermally
neutral, stable. Good candidate in the correct abundance if the WIMP
for dark matter mass is at the TeV scale.

Other models with DM candidate
- variants of technicolor models

DM workshop, FNAL Sarah Alam Malik 17



Supersymmetry

R-parity conservation - the lightest SUSY
particle is stable, good candidate for dark
matter; neutralino, gravitino

- can use NLSP decay to tune relic density

- signatures include jets, Met, leptons,

photons. D

- jets +Met most generic channel

DM workshop, FNAL Sarah Alam Malik 18



Searches for SUSY

pp— g 9, g >qq%; m(Q)»m(g)

> 1200~ cys preliminary T g"’
e - \s=7TeV L=1.11b” 1 =
I B 7 0
£ 1000~ O 12102
i Gp:gg =ghto :EOD QcD N - ©
- gﬁroa = ?/)é S O.NLO-QCD . i g
800 g i —
i E
i = 1 g
6001 | 8
- -
| | 3
400_— 10° &\c;
- (@)
200
Jets and missing energy |
- 10°
in final state 400 600 800 1000 1200
m, (GeV)
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Searches for SUSY

g-g production, g — 2b+§z(1), m(q) >> m(Q) ﬁ_dt =2.05 fb" Ns=7 TeV
1 800 H 1T 11 l LI l 1T 11 l 1T 11 l 1T 11 l LI l .l l T 1 l T 11 .*_L '5'
b = — CL, Observed Limit (95% C.L.) o
b - CL, Expected Limit (95% C.L) - .
700 — CL, Expected Limit 10 — 5107 5
Simplified Model = - .. - 0
P - ATLAS Preliminary .- i3 B
— ¢' — @
""" LSP 600 —  O-lepton, 3 jets m o
— 10 —5 10 5
500 — — 3 S
L ] — >
— 0.23 0.14 0.08 0.05 0.03 [l = I3
_ J0 2 X
400 [— 0.14 0.09 0.06 0.04 0.02 WEey GCJ
R - g1 &5
_____ LSP L - =
300 — - 2 3
_ 25 0.18 0.1 0.07 0.04 0.03 0.02 2.2 0.02 [ @
; 200 ; 2 ; 0.19 0.1 0.08 0.05 0.03 0.03 0.02 0.0: 0.02 = 10 8
~ - 0.23 0.13 0.09 0.05 0.04 0.03 0.02 0.02 0.0z 0.02 [
b 100 E= E 0.18 0.1 0.07 0.05 0.03 0.03 0.02 0.02 0.c2 0.c2 =
1 —
E P \123 0:993018]0.22 0.13 0.1 0.06 0.04 0.03 0.03 0.02 0.02 0.02 0.02 >

200 300 400 500 600 700 800 900 1000
ms [GeV]

Gluino masses below 900 GeV are excluded for neutralino masses up to
about 300 GeV

DM workshop, FNAL Sarah Alam Malik 20



Searching for dark matter at colliders

t decay to WIMP pairs and SM i
E particles "

airs

| LHC cannot produce

T —————
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Recent studies

. Beltran,Hooper,Kolb,Krusberg, Tait, 1002.4137

. Goodman, Ibe, Rajaraman, Shepherd, Tait,Yu, 1005.1286
. Bai, Fox, Harnik, 1005.3797

. Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1008.1783
. Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1009.0008
. Fox, Harnik, Kopp,Tsai, 1103.0240

. Fortin, Tait, 1103.3289

. Cheung,Tseng, Yuan, 1104.5329

. Shoemaker, Vecchi, 1112.5457

10. Haipeng An, Xiangdong Ji, Lian-Tao Wang

\O 0 3 ON U1 = W N =

DM workshop, FNAL Sarah Alam Malik 22
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Phenomenology

Assumptions: DM
- DM particle is only new state accessible to the

collider \ /

- Effective field theory so interaction between DM

and SM particles is contact interaction

- Mediator can be integrated out / \

_ _ Goii
L=Loy+iX "X — MxXX+ Y \/"g
W’_’/ q 1]

SM N —
kinetic terms for DM RN

set of 4-Fermion interactions
between DM and SM quarks

Lagrangian

Operators I' describe scalar, pseudoscalar, vector, axial

vector, tensor interactions

DM workshop, FNAL Sarah Alam Malik
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Phenomenology

Assume DM is a Dirac fermion and interaction is characterized by

contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

SM DM

SM DM

DM workshop, FNAL Sarah Alam Malik 24



Phenomenology

Assume DM is a Dirac fermion and interaction is characterized by
contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

SM DM

&x
SM DM

L ee—————— R

Operators describe nature of mediator and form of SM-DM couplings.

Consider two possibilities:
(a) vector operator
(b) axial-vector operator

DM workshop, FNAL Sarah Alam Malik 25



Phenomenology

Assume DM is a Dirac fermion and interaction is characterized by
contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

SM DM

SM DM

(a) For vector mediator, effective operator

_ _ | spin-
o - @D A= M/

A2

DM workshop, FNAL Sarah Alam Malik 26



Phenomenology

Assume DM is a Dirac fermion and interaction is characterized by
contact interaction, Bai, Fox and Harnik,
JHEP 1012:048 (2010)

Set mass of mediator (M) to very high value

SM DM

SM DM

(b) For axial-vector mediator, effective operator

O 1vr — (XYu75X) (@7 59) A=M/\/9x9,
AV — A2

DM workshop, FNAL Sarah Alam Malik 27



Phenomenology

Light mediator

- Assume DM interaction is mediated by light particle

- Effective theory breaks down and explicitly have to include mediator mass.
- Consider M = 100 GeV, 400 GeV with width set to 1% of mass.

DM SM DM
l M =100, 400 GeV
89 & &q &x
DM SM DM

SM

SM

DM workshop, FNAL Sarah Alam Malik



Dark matter searches

Dark matter pair production at LHC
- radiation of a photon/jet from initial state
- DM particles produce missing energy

q q

— X — X
q X q X
monophoton +MET monojet +MET

DM workshop, FNAL Sarah Alam Malik 29



Search for dark matter in monojet and-monophoton
events



Search for dark matter in monojet and monophoton events

Simple and striking signatures

http://arxiv.org/abs/1204.082 |

, ) ( N\é/
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A monojet event, Highest pr monophoton event,

pr(jet) = 331 GeV,MET = 359 GeV pr(photon) = 384 GeV, MET = 407 GeV

DM workshop, FNAL Sarah Alam Malik 31
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Measurement Strategy

- “cut and count’ : apply event selection and count number of events in signal region
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

DM workshop, FNAL Sarah Alam Malik 32



Measurement Strategy

- “cut and count’ : apply event selection and count number of events
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial
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Measurement Strategy

- “cut and count’ : apply event selection and count number of events
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

Signal

Backgrounds

Z—vv +et, irreducible
background, looks just like signal

DM workshop, FNAL Sarah Alam Malik 34



Measurement Strategy

- “cut and count’ : apply event selection and count number of events
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

P

Backgrounds

Z—>vv +jet, irreducible W+jets, e/ u is not detected, tau
background, looks just like signal decays hadronically
V e/U/ T
y 4 A2 4 Ay

DM workshop, FNAL Sarah Alam Malik 35



Measurement Strategy

- “cut and count’ : apply event selection and count number of events
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

Signal

Backgrounds

QCD, jet is mismeasured,

Z—>vv +jet, irreducible W+jets, e/ u is not detected, tau o Mot
background, looks just like signal decays hadronically producing vet.
e/U/T Mis-measured jet

4"‘ V e’ <
” “‘4 V
b <
jet
jet jet

DM workshop, FNAL Sarah Alam Malik 36




Measurement Strategy

Reject background
|+ QCD

- Ap(jl,j2) > 2.5
-remove events with back to back jets

« EWK

-reject events with isolated electrons, muons

‘ Select topology
.41 Large missing energy, Met > 350 GeV
One energetlc jet, pt > 110 GeV, |r]| <24

- -veto events with isolated tracks

10

|
1 2 3 > 4 3.9

2.5
Jet Multiplicity Ao(Jet , Jetz)

U) C | 7] 1_. 5 _I LI L | L | L | L | L [ I_
€ 10’ CMS Prellmlnary B 2w - o 10°¢ CMS Preliminary ~ Ez
) = \j Wl = — - \j Wolv -
> C |Ldt=4.7 " at Vs=7 TeV , » - |Ldt=4.7 " at Vs=7 TeV = -
W 10°% i = =T t _
- [ Jaco s o 10°E [Jaco E

; —-@- Data ; 1 03 — ~¢- Daia —

10 K e DM-AVd m=1GeV = - DM-AVd m=1GeV 3

S ADD M 253 E N ADD M;,23 ]

10° ezl - T =— .

d ¢ gy ®-------3 i Foige - g, =

oF - | . o ¥ j

1 O E_ B ® ’ 4 N

=

:

o
o
Ol
—h
—
)
\O)
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Results

T T T T T T T T T T T T ] O :I T | 1T | T | 1T | T T | T | T | T | T T |:
% 4l |C |SF;relllmllnalry | lDval o _ = - CMS Preliminary  [z-w i
G 10 J [ wow ® 104:_JLdt=47fb‘1at (527 Tev =3 "" =
s - |Ldt= 4.7 o' at Vs=7 TeV — - Q) - : B« E
ﬁ 3| [ Jaco | L(N) . [ Jaco i
N 10 g_ \jZ%H _§ —~ 103:_ \jZ—>I+I' -
-'GC_)' L -@- Data . }L) = —@- Data -
R DM-AVd m=1GeV | C L R, DM-AVd m=1GeV ]
Lﬁ 10° 3 ----- ADD M 253 E |_C|I>J) 102 LE e ADD M;253 -
108 E 10 o8 Tl 2
: B :LIII N N LJ:

800 0 0 200 400 600 800 1000

EMS [GeV] p_(Jet ) [GeV/c]

this is what signal would look like , for axial
vector interaction with DM mass = 1 GeV

Dominant backgrounds from Z-->vv (70%) and W+jets (~30%) are estimated from data

DM workshop, FNAL Sarah Alam Malik 38



Background process Events
Z v 900 + 94
Wjets 312 + 35
i 8 + 8
Z(M)ﬂ'ets 2+t2
QCD multijet 141
Single t ) 1+ 1
_—Total background 1224 + 10T

=

—

No excess of events over expected SM backgrounds

DM workshop, FNAL Sarah Alam Malik 39



Selecting monophoton events

Photon selection
*pr > 145 GeV
* Central region of detector, |n| < 1.4442

* Shower shape in calorimeter consistent with photon
MET

*MET > 130 GeV
Remove excessive hadronic activity

, CMS Preliminary \E =7TeV , CMS Preliminary \E =7TeV
%)10 ?_ L | III SM +ADD(M —1 TeV II'I—I3E %10 L I..I...I..ISM+ADD (M —1 TeV II'I—IIBE
¢ [|Ldt=4.7 fb” o 1I?AT»IL\ _ ] 0] Ldt = 4.7 fb" @ DATA _ .
= 10L ZOYta un;:ertalnty onBkg _ ; 10 'I;;tal un;:ertalnty on Bkg _|
N = — Vv 3 \ — Vv =
e~ . W ey - - W ev -
GC) B I MisID Photon (MJ) 1 qC) e MisI;Photon (MJ) T

> y+ets, Wy 3 > 1E% v+jets, Wy E
L BeamHalo . LL WO BeamHalo ]
1078 3 107% E
1078 3 1078 E
10‘3 E_ .. ARG 4_\% 10'3 E_ _.E

1 0-4 §_ NN NN 1 0-4 g_ N

E| 1| | I I | | I I | E| | I | I I I I | | I | | | | I |
200 300 400 500 600 700 200 300 400 500 600 700
E. [GeV] p. [GeV]
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Source Estimate
Jet Mimics Photon 11.2 £ 2.8
Beam Halo 11.1 £ 5.6
Electron Mimics Photon 3.0+1.5
W’y 2.81+0.9
v+Jet 0.0 £0.2
Yy 0.0 0.3
| 42 4+6.3

+9.1 [

No excess of events over expected SM backgrounds

DM workshop, FNAL Sarah Alam Malik 41



CDF monojet analysis

e MET > 60 GeV arXiv:1203.0742v1

¢ leading jet pr > 60 GeV, Inl <1.1
o AG(MET,jet) requirements to reject QCD
® veto isolated tracks to reject EWK

CDF RUN Il Preliminary 6.7/fb
+ CDF Il Data  Multijet |

% 3000 [ees” oz Other Backgrounds: q :

|5 Jjﬂl‘:, W Background+ 1o | ource AnalySIS

LI>J 2000 I . 1 GeV y, A-V Eff. Theory. @ 50pb | Z 22191 -+ 2681

r’\ﬂ [Signal Region] | W 27809 4+ 3735
1000 Multijet 3278 + 1639
0 Other 545 & 39.3

2 45 ~Total model )

o 1 . |

g 05| ¢ 114

B | S | .

3 100 150 200 250

g’ Lead Jet E, (GeV)
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Setting limits on DM-nucleon cross section

Translating collider limits to the same plane as direct detection experiments

SM DM Atomic nucleus ~_

Dark matter
R
particle A

Nucleon -~

Recoiling
nucleus

SM DM

- . S
Oy = X71w)(07"9) ON — N (NY#N) (Xx)

A2 q A2

coefficient relates nucleon and
quark operator
need to know quark content

of nucleon Iu2
_ N2 where 1 =
OS] — T A 47q / My + My

My 1,

reduced mass of the DM-nucleon system

DM workshop, FNAL Sarah Alam Malik 43



Setting limits on DM-nucleon cross section

Translating collider limits to the same plane as direct detection experiments

SM DM

SM DM

Atomic nucleus -
~

Dark matter
R
particle A

Nucleon -~

Recoiling
nucleus

Y q~H N _
oy = X1 @r) on — g 1Y) (€30

DM workshop, FNAL

A2 q A2

Upper limits on monojet/
monophoton cross L H N2
sections converted to OSI — T A4’ 4
lower limits on A

Lower limits on A then translated to spin-
independent DM-nucleon cross-section

Sarah Alam Malik 44



Setting limits on DM-nucleon cross section

Translating collider limits to the same plane as direct detection experiments

SM DM Atomic nucleus ~_

Dark matter
R
particle A

Nucleon -~

Recoiling
nucleus

SM DM
Axial-vector - IRl IICRigeL1") nNa _ AN VY BN) (X7uy5X)
operator AV = A2 g A2 ’

N 3
o ! = —-(Aé\r)Q.

sum of quark helicities

e Upper limits on monojet/ monophoton cross sections converted to lower limits on A
e Lower limits on A then translated to spin-dependent DM-nucleon cross-section

DM workshop, FNAL Sarah Alam Malik 45



Dark matter interpretation - CDF results

Light mediator case
- mediator mass = 100 GeV, 400 GeV

Spin-independent

Spin-dependent

. CDF Run Il Preliminary 6.7/fb . CDF Run Il Preliminary 6.7/fb
— 10 " — .
NE —g@—— CDF 90% CL (Vector, 100 GeV Mediator) NE 10
‘2;1 10 a | ™ P — ig:ogga’: [i)l. (t-channel, 400 GeV Mediator) .2;. ——e—— CDF 90% CL Observed (A-V, 100 GeV Mediator)
& DAMIC 3 10 COUPP
10'35 — CoGeNT A ©
SIMPLE
107 107°
10
10 10
10 40
L 10 10’ 2 1 1 10 10°
Mass y (GeV/c?)

Mass y (GeV/c?)
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Dark matter spin dependent results

Contact interaction

2)I

10-28 T T 11 ] ] ] 1T 1T 11 ] ] | L
= CMS Prellmmary — CM MonoJet 90% CL
S -30 —— CMS MonoPhoton 90% CL
o 10 det_sfb at Vs=7 TeV — — CDF 2012
= CDMSII 2011
o 10°2 Picasso 2009
= B o COUPP 2011
O 34 = Super-K 2004
C% 10" e - L lceCube 2011 W*W
" 26 =i lceCube 2011 bb

10 el
o B 5 M
O 1 038 Oav
S 107 —
)
S 10%
Z. 1044 _
x Spin Dependent

- | | | L 1 11 I| | | | L 1 11 I| | | | 1 1 1 11
10°
1 10 10° 10°

v Mass [GeV/c?]

Limits represent the most stringent constraints over almost entire
| -1000 GeV mass range
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Dark matter spin independent results

Contact interaction

— ' % | | | | I T 11 | | | | | L | | | | I T 11 %
CMS Preliminar'y —— CMS Monodet 90% CL
10 30 fL dt = 5 b at \s=7 TeV — gle)/lgé\g?goPhoton 90% CL
30E XENON-100
10 CoGeNT 2011
CDMSII 2011
1034 CDMSII 2010

------- lceCube 2011 W'W'
mrmime lceCube 2011 bb

1
I

L ]
I.'
.,.
]
L] 1
---------------

||||||
|||||
|||||||
|||||||||||||||
|||||||
|||||||

v-Nucleon Cross Section (cm?
=

1'46 | | IIIIII| | | IIIIII| | | IIIIII
0 1 10 102 10°

v Mass [GeV/c?]

Best constraints for low mass dark matter, below 3.5 GeV, a region as yet
unexplored by direct detection experiments

48



Interpretation of |fb-! ATLAS results

arXiv:1109.4398v1

ATLAS 7TeV, 1fb~! VeryHighPt ATLAS 7TeV, 1fb~! VeryHighPt
' . , 10 . .
10-*7} Solid : Observed 90% C.L., Solid : Observed |
10-38 Dashed : Expecte;l 4 10-35} Dashed : Expected

107}

10—37 .

e 4

10—38

. 2
WIMP —nucleon cross section oy [cm”]

. ”
WIMP —nucleon cross section oy [cm”|

Spin—-independent 10-#} e Spin—dependent
10—46 . L —aaaaadl A —l - —d . L e .
10~ 10° 10° 10? 10° 10~ 10¢ 10 10° 10°
WIMP mass m, [GeV] WIMP mass m, [GeV]
ATLAS results coming soon........
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¢ Presented results from searches for dark matter at the Tevatron and LHC
e Searches in monojet and monophoton channels used to set limits on DM-
nucleon cross-section

e Searches give competitive constraints for spin-dependent cross section
over large DM mass range

e Extend the spin-independent region into low DM mass < 3.5 GeV,
previously unexplored.

e Colliders constraints on DM complementary to those from direct

detection and indirect detection
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